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Does Ekman Friction Suppress Baroclinic Instability?
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ABSTRACT

The effect of Ekman friction on baroclinic instability is reexamined in order to address questions raised by
Farrell concerning the existence of normal mode instability in the atmosphere. As the degree of meridional
confinement is central to the result, a linearized two-dimensional (latitude-height) quasi-geostrophic model is
used to obviate the arbitrariness inherent in choosing a channel width in one-dimensional ( vertical shear only)
models. The two-dimensional eigenvalue problem was solved by pseudospectral method using rational Chebyshev
expansions in both vertical and meridional directions, It is concluded that the instability can be eliminated only
by the combination of strong Ekman friction with weak large-scale wind shear. Estimates of Ekman friction
based on a realistic boundary-layer model indicate that such conditions can prevail over land when the boundary
layer is neutrally stratified. For values of Ekman friction appropriate to the open ocean, friction can reduce the
growth rate of the most unstable mode by at most a factor of two but cannot eliminate the instability.

By reducing the growth rate and shifting the most unstable mode to lower zonal wavenumbers, viscous effects
make the heat and momentum fluxes of the most unstable mode deeper and less meridionally confined than
in the inviscid case. Nevertheless, linear theory still underestimates the penetration depth of the momentum
fluxes, as compared to observations and nonlinear numerical models.
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1. Introduction

Baroclinic instability has long been the subject of
extensive study in dynamic meteorology, and the in-
stability is generally believed to be the dominant source
of midlatitude synoptic-scale transient eddy activity in
the Earth’s atmosphere. The groundbreaking work by
Charney (1947) and Eady (1949) neglected frictional
effects, and the most natural way to rectify this defi-
ciency within the framework of quasi-geostrophic the-
ory is to add an Ekman boundary layer at the ground
(and lid, if there is one). Because the Ekman pumping
can catalyze the release of mean-flow potential energy
in addition to dampmg kinetic energy, the net effect
on the instability is not straightforward.

Holopainen (1961), Barcilon (1964) and lehams
and Robinson (1974) considered either Phillips-type
two layer models or Eady-type models subjected to the
influence of one or two Ekman friction layers. They
found that if both Ekman layers were present the
growth rate was reduced as expected and a long-wave
cutoff was also produced (for Eady-type models).
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However, the presence of a single Ekman layer has a
destabilizing effect on the short waves. This destabiliz-
ing feature should be recognized as the side effect of
the upper rigid lid in their models; if the Ekman layer
is at the ground, for example, the destabilized inviscid
mode is the top-trapped mode, which has no counter-
part in the semi-infinite domain. The potential desta-
bilizing effect of a single weak Ekman layer is most
readily assessed in terms of the pseudomomentum for-
mulation described in Held et al. [1986, see esp. Eq.
(9)] for the continuous case and Panetta et al. (1988)
for the two layer case. Briefly, only inviscid neutral
modes with pseudomomentum of the same sign as the
Doppler-shifted phase speed at the ground [¢ — u(0))
are destabilized by the introduction of a weak lower
Ekman layer. Such modes do not occur in more real-
istic models, such as the Charney model.

Card and Barcilon (1982) considered the Charney
model with an Ekman layer at the lower boundary. In
this case the presence of Ekman friction at the lower
boundary leads to a significant reduction in growth of
disturbances of all wavelengths and the formation of
a short-wave cutoff. Inspired by the possibility that Ek-
man damping could eliminate the normal mode baro-
clinic instability altogether, Farrell (1985) used Char-
ney’s and Eady’s models to carry out further studies
on baroclinic instability with Ekman damping, both






